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Section 111. Tracking detectors 

T R A C K I N G  A T  1 T e V  
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We discuss the design of a tracking detector for reconstruction of charged particles in the central rapidity region at new 
high-energy hadron colliders such as the LHC or SSC. The physics motivation for such a tracking system is presented. Typical angles 
between tracks in 1 TeVjets are roughly quantified. Simple scaling rules are derived which provide a connection between the physics 
and detector parameters, and which can be used to evaluate the performance of different tracking devices. Based on these scaling 
rules and the required momentum resolution for the detector, the parameters for an all-silicon strip tracking system are defined. 
Estimates of the tracking efficiency are presented based on a Monte Carlo simulation of events with 1 TeV jets. Finally, the effect of 
spiraling tracks on detector occupancy is discussed. 

1. Physics goals 

Physics at new very-high energy hadron colliders will 
be a mixture of topics, including "bread  and butter"  
physics such as Q C D  jets, physics associated with the 
Standard Model  and its natural extensions, such as 
searches for the Higgs or new Z's and W's, and (hope- 
fully) the completely unexpected. A detector for the 
LHC or SSC should be capable of meeting the chal- 
lenges of each of these topics, and in particular should 
be sufficiently versatile to explore new, unforeseen phe- 
nomena. One must therefore employ a variety of detec- 
tion techniques to optimize the chances of seeing and 
understanding these physics signals. For  these reasons a 
sufficiently powerful tracking system will be an essen- 
tial complement to calorimetry at the LHC or SSC. 

In this article we outline a tracking detector design 
which we feel is optimized for physics at 1 TeV. Its 
goals are to provide full charged-particle reconstruction 
for TeV jets in the central region, precision secondary 
vertex reconstruction for high-momentum tracks (e.g. 
from B decays) and precision muon momentum mea- 
surement to allow detailed comparisons of rates for 
events with ee, ~t~t and e~ in the final state. Our 
approach will be to first quantify what needs to be 
done, tracking in the central region at the L H C  or SSC. 
Given this, we then present a design which can meet the 
physics goals and which we feel is feasible to construct. 
Finally, we present a Monte  Carlo study to evaluate the 
tracking efficiency and its dependence on design param- 
eters. 

Before turning to the details of the detector design, 
we list some of the physics goals for the tracking 
system. 

1.1. General goals 

(1) In the past, leptons have often been indicative 
signals for a new process. It thus seems to be natural to 
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design a detector for the L H C  or SSC to have compara- 
ble ~ and e detection efficiency and momentum resolu- 
tion. For  particles decaying into dileptons, this will not 
only increase the rate by up to a factor of 4 (for 
example, in the case H ° ~ Z ° Z  °) but it will also allow 
a cross check of the systematics of signals of new 
physics and allow a determination of uncorrelated back- 
grounds using ~te events. Good  momentum resolution 
in a tracker also will provide the redundancy needed to 
reject backgrounds by comparison of the tracker 
momentum with the calorimeter energy for an electron, 
and the momentum measured in outer muon toroids for 
muons. 

(2) For  a new machine, at a very new mass scale, 
one would like to have the detector capabilities to look 
for surprises: for example, long-lived particles or jets 
with unusual topologies. The ability to do vertex recon- 
struction and to look within a jet, capabilities which 
calorimetry does not  provide, could be critical to new 
discoveries. 

(3) Tracking provides an important  check on the 
calorimetry by allowing a comparison of charged and 
total energy observed. In addition, if tracking is done in 
individual t ime buckets, it allows a check that the 
relevant energy in the calorimeter comes from a single 
given event and not as a result of unusual event pileup. 

1.2. Standard Higgs detection 

Detection of the Higgs is the raison d '&re of the 
proposed colliders, and any general-purpose detector 
must prove that, if the Higgs exists in the mass range 
dictated by the LHC or SSC energy and luminosity, it 
can detect it unambiguously and study its decays. Be- 
cause the mass of the Higgs is not known, the detector 
must be multipurpose and able to search in many 
different channels. Precision tracking can substantially 
extend the mass range for a Higgs search at both the 
lower and upper ends and provide the momentum mea- 
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Table 1 
H ° detection in a compact solenoid detector 
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surement for full use of muons and electrons in the 
intermediate mass range. 

The main diagrams of interest for the product ion of 
the Higgs are shown in fig. 1. The Higgs decay will vary 
depending on its mass. This breaks up into two regimes, 
the regime with m n < 2 m w, where the decay is mostly 
into heavy quark or lepton pairs, and m n > 2row,  
where the decay is primarily into gauge boson pairs. In 
this upper mass range the energy and luminosity of the 
machine will dictate if enough events are available in all 
lepton final states, originating from the gauge boson 
decay, or if hadronic decays must  be used. We will 
therefore discuss three regimes below, which we call the 
light, intermediate and heavy Higgs cases. Relevant 
event rates used below and summarized in table 1 come 
from the recent Report  of the Compact  Detector  Sub- 

group [1] at the 1987 Workshop at Berkeley on detec- 
tors at the SSC and are based on the work of a large 
number  of part icipants  at that meeting. 

1.2.1• L i g h t  H i g g s  

At the time the LHC or SSC will start physics, 
existing machines would have found the Higgs if its 
mass is less than about  85 GeV. Since the top quark 
appears to be quite heavy, it is likely that a light Higgs 
of mass _< 2m w would decay predominant ly  into bb 
quarks. To improve the experimental  signature it will be 
essential to look for the associated product ion of the H ° 
decaying into bb with a W, as in fig. la.  The detection 
of the bb pairs will rely on the ability to reconstruct  
detached vertices efficiently. Note  that  only a few per- 
cent of the modera te -P  r jets  relevant here contain a 
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(a) 

W,Z 

H o 

(b) 

H o 

Z H° 

Fig. 1. Diagrams for H ° production in pp collisions. 

b -quark  [2], and  thus tagging the two B-mesons f rom 
the Higgs decay will reduce the background  from low-P r 
jets  by  a factor of over 100. 

The process (pp ~ W + H °, H ° -~ b-b) has been dis- 
cussed in ref. [3]. In  this study the transverse momen-  
tum in the fundamenta l  pa r ton  scattering is chosen to 
exceed 50 GeV and  the W and one B-meson are re- 
quired to decay into leptons by  the trigger. Both  jets  
f rom the H ° have to have decay vertices with impact  
distances in the t ransverse plane of > 50 ~m. It is 
significant tha t  the surviving background  events conta in  

largely pairs  of b quarks.  In one year of runn ing  SSC 
one expects, for an H ° mass  of 100 GeV, about  400 
signal events over a background  of 2100 from gg and  qq 
product ion,  which is an  8-s tandard-devia t ion  effect. 
These number s  are for a mass  window 20 GeV wide and  
could, perhaps,  be  improved if be t ter  mass resolut ion 
could be obta ined.  The abili ty to see vertices at the level 
tha t  permits  this 50 ~tm cut is crucial, as wi thout  the 
vertex cuts the signal represents  a much  less significant 
excess over the background  (about  700 events over a 
background  of 54000) [4]. 

We have studied the process (pp --* W + H °, H ° ---, 
b-b), using P Y T H I A  4.8 [7]. After  tagging on the high-PT 
lepton and  missing energy from the W decay, we have 
studied the d is t r ibut ion  of impact  parameters  for tracks 
in the je ts  versus the F e y n m a n  track x v -~ P .  PjeJPi2et . 

Tracks f rom the decay of the leading long-lived B-me- 
son in the b-jet  should have large x v. As discussed 
below, we use an  impac t  pa r ame te r  resolution,  
domina ted  by mult iple  scattering, of 80 ~ t m / P .  If we 
require at  least two tracks in the je t  to have x F > 0.05 
and  impact  pa ramete r  > 50 ~m, we identify b-jets from 
Higgs-decays with an  efficiency of --40%. W h e n  we 
require two such jets, the dominan t  background  due to 
a (W + QCD)  je t  is rejected by  a factor of 100. 

1.2.2. I n t e r m e d i a t e - m a s s  H i g g s  

In the clean heavy Higgs channels  like (H ~ ZZ, 
Z ~ 1+1 - )  we will be rate-l imited,  and  detector  optimi- 
zat ion is impor tan t .  If we restrict  ourselves to electrons 
only, a Higgs with a mass  of 300 GeV will yield 140 
events per  SSC year; this drops  to 29 events for a 500 
GeV Higgs. If  the m o m e n t u m  resolut ion is good enough 
to allow the use of muons  as well, these rates are 
increased by  a factor of 4. Addit ional ly ,  combinator ia l  
backgrounds  (for example, f rom the heavy top) can be 
measured  in ~te channels  and  like-sign channels.  

a I . . . . . . .  I 
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Fig. 2. FWHM resolution of the Z ° mass as a function of Z ° energy for a detector with calorimetry only, and for a detector including 
precision Si tracking. (a) Z ° -~ e+e ; (b) Z ° -~ ~t+p~ -. 
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Fig. 3. Reconstructed Z ° invariant mass from a 500 GeV Higgs decay, using e pairs and p. pairs, from the proposed precision Si 
tracker or a calorimeter with muon toroids only. The detector resolution yields the histogram, to be compared with perfect resolution 

(dotted line). 

A figure of merit  to quant i fy  the needed m o m e n t u m  
resolut ion is the mass resolution for reconstructed Z °, 
which should be  less than  the na tura l  width, Fz /2 .35 .  
This should be true over as large a range as possible, 
and  certainly up to a Higgs mass of at least 500 GeV 
where rates for all lepton final states are adequate.  We 
can est imate that  this requires Oev/P T <_ 2% at abou t  
200 GeV. We will look at the mass resolut ion given by  
the silicon strip detector  discussed later  in the text. The 

single-track m o m e n t u m  resolut ion is shown in fig. 23. 
Our  results here provide  the main  mot iva t ion  for the 
choice of magnet ic  field and  outer  radius for the track- 
ing detector.  

We have generated,  using ISAJET [5], the process 
p p ~ H  ° ~ Z ° Z  °, wi th  each Z ° ~ 1 + 1  - ,  varying the 
mass of the Higgs f rom 200 GeV to 2 TeV. Leptons  are 
kept  if their  PT > 10 GeV and  the magni tude  of their  
rapidi ty  < 2.5. The invar ian t  mass of each Z ° is calcu- 
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Fig, 4. Z°Z ° invariant-mass resolution for different detector configurations, compared with the expected Higgs width F H (dotted 
line). (a) Z ° - ,  e+e-;  (b) Z ° ~ ~t+p~ -. 
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lated after momenta  are smeared. Fig. 2 shows the 
F W H M  resolution of the Z ° mass as a function of the 
Z ° energy ( - m H 0 / 2  ) for e or ~t pairs, respectively. 
Results are given for a detector with calorimetry and 
muon toroids only and for one with precision silicon 
tracking as well. We also indicate on the figures the 
natural Z ° width. We can conclude that with precision 
tracking we can reconstruct Z ° ' s  from H ° with a reso- 
lution comparable or better than the Z ° width, up to 
Higgs masses of nearly 1 TeV. In fig. 3, we show the Z ° 
invariant mass plot for a Higgs mass of 500 GeV and 
compare it with the case of perfect resolution (dotted 
line) which is governed by the natural width of the Z °. 
The resolution for the case of precision tracking shows 
little deviation from the Z ° width, but for a toroidal 
tracker alone the signal is completely smeared out. 

Finally, in fig. 4 we show the resolution in the Higgs 
mass itself using the Z ° ~ 1+1 - channels and comparing 
with the expected Higgs width /'H- With precision 
tracking the resolution is below F H even for low Higgs 
masses. 

1.2.3. Heavy Higgs 
For Higgs masses close to 1 TeV, one of the W's or 

Z's in the Higgs decay has to be detected in its hadronic 
mode to have enough events in one SSC year. As 
pointed out by Protopopescu [6], the background from 
W + je t ,  where the mass of the je t  is close to the W 
mass, is so large that the signal-to-background ratio is 
360/2800 when only calorimetry is used. Further cuts 
using calorimetry can improve this ratio considerably at 
the expense of loss of signal. In either case, precision 
tracking inside the jet  will provide additional dis- 
crimination between W jets and q u a r k / g l u o n  jets by 
using the difference in the jet  structure. Note  that a 1 
TeV W still decays into an average of about 18 charged 
particles, like a W at rest, while a 1 TeV Q C D  jet  
system with invariant mass accidentally near m w will 
usually fragment into many more particles. 

To check these ideas, we generated, using P Y T H I A  
4.8, either Higgs---, WW or a W-jet system, both with 
invariant mass of 1 TeV. We selected events containing 
a high-P T lepton and a jet with invariant mass near that 
of the W. We then counted the number of charged 
tracks with PT > 1 GeV in the event. In fig. 5 we show 
the distribution of the charged multiplicity Nch in (a) 
W + j e t  events (N~h = 62) and (b) W + W events (Nob = 
29). A cut at m < 35 leaves 78% of the W + W events 
while cutting out 86% of the W + j e t  events. The ability 
to use the tracking information in the core of the jets is 
increasing the signal-to-background ratio in the above 
example by a factor of 5.6, making a difficult measure- 
ment feasible. 

We consider the above analysis to be only a first step 
in what can be done using tracking to distinguish high- 
energy but "stable light parent" jets from Q C D  jets. 
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Fig. 5. Charged multiplicity in (a) W+jet  events and (b) 
W + W events, with cuts as described in the text. 

Other useful quantities after the multiplicity cut might 
be the fraction of charged and neutral energy, the 
fractional momentum of the fastest charged particle in 
the jet  and the presence of secondary jets within the 
high-energy jet. In addition it will be important  to 
understand how these quantities depend on the frag- 
mentat ion model  chosen. The independent fragmenta- 
tion scheme employed by ISAJET produces quark and 
gluon jets with significantly higher multiplicity (Nch = 47 
for a 500 GeV q u a r k / g l u o n  jet) than those produced 
with the L U N D  parton shower model scheme employed 
by P Y T H I A  (Nch = 30). Results presented in this work 
use the more conservative of the two Monte  Carlos, as 
appropriate. 

2. Requirements for a tracking system 

To reconstruct leading particles in the core of jets 
will require a system which can resolve very closely 
spaced particle trajectories. In order to quantify this 
problem, prior to a sophisticated Monte Carlo simula- 
tion, we will try to define a mean track separation angle 
( 0 ) ,  at production, which characterizes the leading 
particles in a jet. In general these particles will have a 
momentum >> 1 GeV. 

We look first at simulations of 1 TeV gluon and 
quark jets using Q C D  evolution models such as ISAJET 
or PYTHIA.  Fig. 6 shows the expected mean multiplic- 
ity for gluon and quark jets from PYTHIA.  At 1 TeV, 
gluon jets are expected to have about 70 charged par- 
ticles, quark jets about 40 [9]. 

Fig. 7 shows the energy dependence of 01/2 for 
gluon and quark jets, where 01/2 is the angle relative to 
the je t  direction at which the energy flow drops by a 
factor of 2 [9]. At 1 TeV: 0a/2 = 20 mrad for gluon jets, 
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Fig. 6. Mean multipficity versus jet energy for jets initiated by 
gluons or light quarks. 

and 01/2 = 4 mrad for quark jets. Since a jet  contains 
many particles, C8) is expected to be about an order of 
magnitude smaller than 01/2. Thus, a goal for a tracking 
system would be to be able to resolve particles pro- 
duced at angles to each other of {0)  = 0.5 mrad. We 
will arrive at this number  in another way below. Note  
that this implies that a two-hit segmentation of  500 t~m 
is required at a radius of 1 m, which is very difficult for 
conventional drift chambers. Even a silicon strip track- 
ing system could not fully resolve all the particles until 
a radius >_. 20 cm, assuming a double-track resolution 
of 100 I~m. 

As an alternative method to arrive at ( 0 ) ,  we can 
use the extensive Monte Carlo work on B tagging at the 
Z ° [10]. Fig. 8 shows the transverse momentum of 
particles from B decays. A typical value is about 500 
MeV, rather similar to fight quark jets at the same 
energy scale. Fig. 9 shows the fraction of B's that can be 
reconstructed at the Z ° using a tracking system with 
resolving angle A¢ between neighboring tracks and 
requiring that at least three charged secondaries are 
reconstructed. To achieve > 90% efficiency requires 
Aq> = 5 mrad. Scaling each jet  up to 1 TeV (a factor of 
20) would give us a requirement of Aq~ = 0.25 mrad for 
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Fig. 8. PT of charged tracks from B meson decay, relative to B 
direction. 

B reconstruction. Thus, a choice of (O) = 0.5 mrad to 
characterize neighboring particles in the jet core is a 
reasonable choice. 

Using a typical Pr  of 500 MeV we can estimate a 
minimum momentum,  Pmin of particles in the core of a 
jet  as 500 MeV/0 I /2 .  Using 01/2 - 10 mrad gives Pmin 
= 50 GeV for a 1 TeV jet. Thus, a tracking system will 
need a resolving power - C0) for tracks with P >__ Pmin, 
but can reconstruct particles with P << Pmin with a 
poorer segmentation since these are typically outside 
the core of the jet. 

We have totally ignored the magnetic field in the 
above discussion. As long as tracks with P > P~an are 
bent by an angle < 0]/2, the presence of a magnetic 
field does not  significantly help the track reconstruction 
problem. For  P~n = 50 GeV, 0a/2 = 10 mrad, the mag- 
netic field does not help substantially for reasonable 
choices for the field and tracker radius. 

3. Design of a 1 TeV tracking system 

Because of the very fine segmentation needed to 
resolve tracks, a tracker will probably have to use 
infrequent sampling to avoid ending up with an enor- 
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Fig. 7. Energy dependence of the angle at which the energy 
flow drops by a factor of 2. 
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Fig. 9. Efficiency for reconstructing B's at the Z ° versus 
angular resolving power of the tracking system. 
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mous number of channels. It will, in addition, have to 
go out to a moderately large radius since it is critical 
not only to resolve tracks, but also to measure their 
momentum. 

A model for the organization of such detectors is the 
vector tracking chamber, made of jet  cells. The jet  cell 
geometry was introduced by the J A D E  collaboration. 
The first of such chambers incorporating stereo wires, 
and smaller jet  cells to aid in pattern recognition, was 
used by the Mark III detector. Subsequent examples are 
the trackers for the Mark If, CDF,  SLD and ZEUS. 
The vector tracking ideas work equally well for other 
detector elements, appropriately organized. We will look 
in some detail at the organization of a tracker made 
entirely of silicon strips. The silicon strips are very 
attractive since they offer extremely good resolution in 
space and time. In addition, it is an area where much 
progress is being made and the detectors, for the scale 
discussed below, are still affordable in price. We feel 
this solution is well matched to tracking at 1 TeV. Note  
also that the use of a vector tracking chamber allows a 
crude local calculation of the transverse momentum, 
using track segments, allowing the reconstruction of 
high transverse momentum tracks only, in a efficient 
manner. This would vastly shrink the computer  time 
needed for track reconstruction for events in which only 
high-P T tracks are desired. 

3.1. Tracker parameters 

The parameters of the tracker are as follows. 
(1) It is made of 16 layers of silicon strips (25 ~m 

pitch) organized into 8 pairs (superlayers) of detectors. 
The detectors are assumed to be double-sided (one side 
axial and one side stereo), so the total number of 
measurements is 32. Thus, the detector can be thought 
of as 8 axial and 8 stereo superlayers, although the axial 
and stereo measurements occur grouped together lo- 
cally. This can be compared to typical vector drift 
chambers, such as the new Mark II chamber, which has 
6 superlayers of each type. 

(2) The radius varies from 8 to 50 cm. The inner 
radius is determined by the amount of radiation damage 
that can be tolerated. For  the SSC operating at a 
luminosity of 10 33 cm-2s  1 this inner radius corre- 
sponds to about 0.4 Mrad per year [11]. Clearly, the 
design of sufficiently radiation-resistant electronics is 
critically important. Note that for high-momentum 
tracks the impact parameter error is still - 5 rtm, even 
starting 8 cm from the origin, since the long lever arm 
of the tracking device provides a very well measured 
angle and curvature. 

(3) We assume each layer is 150 ixm thick and has 
double-sided readout. This gives 2.5% of an X 0 of 
material for the silicon and probably about 4 to 5% of 
an X 0 in total if we include a support structure. It is of 

6 

t 

Fig. 10. A track passing through two adjacent layer pairs. 

great importance to maintain the amount  of material in 
this range to avoid creating many soft e lectron-posi t ron 
pairs from photon conversions (see chapter 5). In ad- 
dition, B vertex reconstruction for the light-Higgs 
scenario involves lower-momentum tracks and is sensi- 
tive to multiple-scattering errors. For  our design the 
multiple-scattering contribution to the impact parame- 
ter error is about 80 ~ m / P  [GeV]. If we require an 
error _< 20 ~m, this implies B tagging with tracks with 
P > 4 GeV. For  the light-Higgs search discussed above 
we find that the efficiency for reconstructing a 100 GeV 
Higgs--* bb, with at least two charged tracks falling 
within the central _+ 2 units of rapidity, is reduced by 
only 14% if we require B tagging with two tracks > 4 
GeV. 

3.2. Pattern recognition requirements 

In fig. 10 we show two pairs of detector layers. The 
detector arrangement is specified by the distances 8 and 
A, which specify the separation between pairs in a 
superlayers, respectively. The conflicting demands on 8 
and A are follows. 
(a) We would like 8 small enough to make matching of 

points on a track simple. 
(b) We would like 8 large enough so that the track 

angle (tangent vector) is well measured. 
(c) We would like A large enough to fill a given space. 
(d) We would like A small enough to allow frequent 

sampling 
The basis for linking vector segments is shown in fig. 11 
[12]. The angle between the tangent vectors and a chord 
connecting the segments is the same for both vector 
segments belonging to the same circle. 
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For  the pa t te rn  recognit ion we require that:  
(1) different tracks give dist inct  hits, 
(2) hits in the paired layers, separated by 8, can be 

locally associated into correct vector  segments,  and  
(3) vector segments f rom different pairs can be cor- 

rectly l inked into tracks. 
In terms of the angular  track separat ion character izing 
the physics and  the tracker parameters  we d e m a n d  that  
the tracker provides the resolut ion for the three steps 
above which have dist inctly different requirements .  We 
define: 
Ptrack = track's radius of curvature;  
( 0 )  = typical track separat ion angle; 
a m = posi t ion resolut ion of measur ing element;  
e m = two-track resolving power in space, locally, for a 

measuring element;  
6 = separat ion of elements used to measure track 

vectors; 
r m = outer  radius of device; 
i", = mean  radius of the i th pair. 
F r o m  the physics considerat ions  discussed earlier, C0) 

0.5 mrad.  For  a silicon strip detector  with 25 ~tm 
pitch, o1,= 5 izm and  e r a=  100 rtm. Suitable signal 
processing could dist inguish tracks enter ing adjacent  
microstrips,  giving e m = 25 pxm at the expense of a 
slightly degraded posi t ion resolution. 

3.2.1. Satisfying pattern recognition requirements 
We now quant i fy  the relat ion between parameters  so 

that  the three pa t te rn  recognit ion requi rements  can  be 

met. 
(1) To see dist inct  hits f rom different  tracks in layer 

i we need c m < r iC0). How many  layers do we need? 
We can expect that  we need at least three at radii 
greater than r = C m / C 0  ) = 100 ~xm/0.5 mrad  = 20 cm. 
Thus, taking 8 pairs with 8 cm _< r i _< 50 cm gives 5 pairs  
at radii r i > 20 cm and  4 pairs at ri > 29 cm, which is 

the mean  radius. Thus,  the device should be able to 
yield a sufficient n u m b e r  of dist inct  hits for nearly all of 
the tracks. 

(2) To match  points  into  a segment we choose the 
simplest  a lgor i thm i l lustrated by the dashed line in fig. 
10. To each poin t  in the inner  layer of a pair  we 
associate the poin t  with the most  similar ~ angle in the 
outer  m e m b e r  of the pair. For  a curving track the 
deviat ion in space from a perfect  match,  using this 
algori thm, is given by [ r ~ / ( 2 p t r a c k ) ] 8 .  However,  in the 
je t  core we can expect nearby  hits from very stiff tracks 
with a mean  spacing of CO)ri. These can cause incorrect  
associat ions in segment  formation.  Thus, the simple 
a l g o r i t h m  for match ing  points  into vectored segments 
will work provided:  

I", 8<CO)r , ,  
2Ptrack 

or 

8 
2 ( 0 )  --< lOtrack. 

TiffS relat ion needs to be valid for all momen ta  within 
the je t  core and  provides the mot iva t ion  for a small 6. 
Taking,  for example, ~ = 1 cm we get easy association 
into vectors for 0~ck > 1 c m / ( 2  × 0.5 mrad)  = 10 m. 

This  corresponds  to 10 GeV at 3.3 T. It is substan-  
tially below the Pmin of 50 GeV for tracks in the jet  core 
es t imated above. Note,  tha t  the deviat ion from a perfect 
s traight  line ma tch  of the points  to be associated is only 
100 ~ m  at a radius of 20 cm for lOtrack = 10 m. The 
match ing  of pairs wi th in  a segment  is the one relat ion 
sensitive to the B-field and  would argue for the smallest 
field, al though,  as seen above, a value close to 3 T 
should work. 

(3) The basis for l inking vector segments is il- 
lus t ra ted in fig. 11. Each angle 0~ or 02 is measured 

Y 

01 = 02 + <0> 

Fig. 12. Angular relations for a spurious track (dashed) created 
from hits from two real tracks. 

III. TRACKING DETECTORS 



100 H.E-W. Sadrozinski et al. / Tracking at 1 TeV 

Fig. 13. Relation of points to be associated into a vector 
segment for a stiff track with impact parameter b. 

/ / ,  

with a precision given by ~ - O r m / / ~ .  Linking can be done 
if this accuracy is adequate.  In fig. 12 we show the 
trajectories of two very-h igh-momentum tracks sep- 
arated by a p roduc t ion  angle of C 0) .  An incorrect  l ink 
yields the dashed track whose angles do not  match  by 
an amoun t  C0). Thus,  a goal for the l inking to work is 
V~Om/8 <_ CO). This provides the mot iva t ion  for a large 
8. 

Note  tha t  a cer tain n u m b e r  of ambiguit ies  can  be 
tolerated since they can be  solved using the in format ion  
f rom several layers. However,  in order to find tracks 
with a small n u m b e r  of layers and  to keep the n u m b e r  
of wrong associat ions small, ~ O m / 8  _< C0) is a rea- 
sonable  criterion. 

For  o m = 5  rtm and  8 = 1  cm, we get Om/8=0.5 
mrad,  which is - ( 0 ) .  We will see below, using a full 

Fig. 14. High-P r event in a 3 T field. 

M o n t e  Car lo  s imulat ion,  tha t  8 = 1 cm is indeed close 
to op t imum.  

3.2.2. Effect of tracks with impact parameters 
In the above  we have assumed that  tracks come from 

the origin when  we match  the two hits  into a vector 
segment  (but  no t  in the vector  segment  linking). In fig. 
13 we show what  happens  for a t rack with an  impact  
pa ramete r  b. 

The  d isp lacement  of the second hit  in a closely 
spaced pair  of detectors  at radius r i, for a very stiff 
t rack with impac t  pa ramete r  b with  respect to a straight 
line th rough  the origin, is d = bS/ri .  For  the decay of D 

I, 
i I I 

i 
I 
I, I 

i 

I I '1 

I 

I' I 
'1 

I 
iI 

l i :  

I I 

Fig. 15. Blowup of the high-P T event of fig. 14 showing the jet core. 
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or B mesons, b _< 300 Ixm. To avoid errors in associa- 
tion for pairs, we require as before d = bS/r ,  < r~(O) or 
b < ri2(O)/& Taking 8 = 1 cm and r i > 8 cm implies 
that there is no problem for b < 320 ~m, even for the 
innermost layer. There is a problem for K °, which 
might have to be picked up in a second pass, if they are 
close to the jet  axis. 

3.3. Monte Carlo studies 

We have looked in more detail at the ability to do 
tracking in 1 TeV jets with a silicon tracker. The pro- 
gram ISAJET was used to generate events with two 
quark or gluon jets, each with Pr > 1 TeV. The main 
multiplicity within I YI < 2 in these events is 330, of 
which 118 have PT > _ 1 GeV. Fig. 14 shows a high-P T 
event in a 3 T magnetic field. A region near the core of 
the tight 1.5 TeV jet  in the lower left quadrant of the 
event, at a radius of 26 cm, has been blown up and is 
shown in fig. 15. The scale is matched to the size of a 
single strip detector containing 1024 25 Ixm elements. 
(Note that the strips have been tilted to compensate for 

the Lorentz angle due to the magnetic field.) At this 
scale, which is the one relevant to the track finding, the 
stiff tracks are not confusing. 

3.3.1. Vector segment finding 
To quantify this further, we have performed the first 

two steps of the pattern recognition for events with 1 
TeV jets. As a first step, we keep only hits with no other 
hit within 100 ~tm in space. Second, we consider pairs 
of hits entering the appropriate combinat ion of detec- 
tors of 10 cm length in z (we arrange the outer layer of 
the pair to have detectors staggered by one half of a 
detector length with respect to the inner layer). Then, 
using the simple algorithm presented above to link hits 
into vector segments and considering only hit pairs 
which can come from tracks with P r >  1 GeV, we 
evaluate the efficiency vs PT for finding tracks, requir- 
ing at least N V E C  = 4, 6 or 8 correctly found vector 
segments to call the track found. The results for 8 
chosen equal to 1 or 2 cm are shown in Figs. 16a and 
16b, respectively, where the last bin includes overflows. 
The efficiency approaches 100% for high-momentum 
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tracks. In contrast to conventional drift chamber track- 
ers, which are most efficient for low-P T tracks which 
separate from jets, the silicon tracker we describe is 
most efficient for the high-P r tracks in the core of jets. 
The figure also indicates that a 8 = 2 cm is noticeably 
worse than ~ = 1 cm. Choosing 8 = 5 mm would give 
about a 10% increase in efficiency if all 8 segments are 
required and little change for the case of 6 or 4 seg- 
ments found• 

3.3.2• Vector segment linking 
Once vector segments are found, they must be unam- 

biguously linked together to form tracks• One way to do 
this is to use a technique employed successfully with the 
Mark II jet-cell central drift chamber at the SLC [13]. 
The idea is to calculate the curvature [K = 1/2Ptrack ] 
and azimuth at the origin @0 of a track passing through 
the origin, and the tangent to the vector segment. A 
vector segment provides a measure, at average radius ?, 
of the track azimuth d~ and of the rate of change of the 
azimuth, d@/dr. We thus calculate 

~'o = @ + arcsin x~. 

This will produce a mapping in which all vector 
segments found for a given track should lie near one 
point in the x-@0 plane. The vector segments found for 
the event shown in fig. 14 have been plotted in fig. 17a. 
Up  to eight vector segments are plotted for each track. 
One can immediately see the two jets in the event• The 
effect of resolution in the curvature is also seen from 
the spread in points for each track. For  this plot we 
have used tl m = 5 ~m and 8 = 5 ram. 

Fig. 17b is a blowup of the region around the je t  at 
@0 = 3.9 rad. The effect of resolution is now more 
obvious, and it is also clear that the error in ~ is 
strongly correlated with the error in ~0- This can be 
parameterized by a 2 x 2 error matrix, which can be 
used to cluster the vector segments into tracks. Even by 
eye, it can be seen from fig. 17b that vector segments 
from nearby tracks in the jet  are becoming confused. 
This can be remedied by making the paired-layer sep- 
aration 8 larger. The result is shown in fig. 17c, where 
the improved vector segment resolution obtained by 
increasing 8 from 5 to 10 mm results in clearly sep- 
arated tracks within the jet. Note  that the spread in 
measured ~0 values is V~Om/8, the parameter in- 
troduced earlier to quantify the ability to link vector 
segments. After  looking at plots for many events with 1 
TeV jets, it becomes clear that 1 cm is a good choice for 
8 and will usually allow vector segment linking for the 
tracks in the jet  core. 
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Fig. 17. Plot of ~ vs @0 for vector segments found in the event 

in fig. 14. Up to eight vector segments per track, and vector 

segments found incorrectly are also shown. (a) The entire 

event. (b) Blowup of one of the 1.5 TeV jets, 8 = 5 mm. (c) 

Same as (b), but 8 = I0 ram. 

3.3.3. Dependence of efficiency on magnetic field 
The presence of an axial magnetic field is required 

for the measurement of the curvature, and hence 
momentum, of the tracks. This is quantified in section 
4, but for now we note that the momentum resolution 
varies inversely with the magnetic field, making it de- 
sirable to have the largest field possible. However, the 
magnetic field also has an impact on the pattern re- 
cognition efficiency. The field may improve the re- 
construction efficiency by separating closely spaced 
tracks in the outer layers, or degrade the efficiency by 
causing tracks to cross in the outer layers, leading to 
confusion. 

In order to determine which is the dominant  effect 
of the field on pattern recognition for the tracking 
system discussed here, we evaluated the vector segment 
finding efficiency for three values of the field, B = 0, 
2.5 and 5 T. We find that the vector segment finding 
efficiency is degraded with larger magnetic fields, over 
the entire range of momenta• The efficiency for finding 
all eight vector segments for tracks with Pr > 15 G e V / c  
averages > 95% for B = 0, falling to = 80% and = 65% 
for B = 2.5 and 5.0 T, respectively. 
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It appears  that,  whether  the tracks are relatively 
isolated in the per iphery or in the core of a jet,  the 
dominan t  effect of the magnet ic  field is to cause tracks 
to cross, leading to confus ion and  inefficiency. It is 
therefore desirable to have the lowest possible magnet ic  
field to obta in  the needed m o m e n t u m  resolution;  in 
section 4 we conclude that  B = 2.5 T is a good choice. 
Wi th  tha t  field, the  inefficiency for vector segment  
f inding in the inner  layers, due to the close spacing of 
tracks, is approximately  the same as tha t  in the outer  

layers, due to track crossings. 
The  magnet ic  field can also degrade the double- t rack 

resolut ion by  spreading the charge (electrons and  holes) 
over several strips, due to the Lorentz  drift  of the 
charges in the magnet ic  field, This effect can be reduced 
by  orient ing the  detector  elements  so tha t  their  no rmal  
vector makes an angle 0 L with respect to the xy-radius 
vector. The Lorentz  angle 0 L is defined by tan 0 L = / , B ,  
where t* is the Hal l  mobil i ty  of the charge. However,  the 
use of double-sided detectors (as discussed below) means  
that  we are collecting the charge f rom bo th  electron and  
holes, which have different  Hall  mobil i t ies [14] [/*e = 
0.15 mZ/(Vs) ,  /.t h =0 .03  m2/(Vs)] .  To minimize the 
problem,  we can or ient  the detectors at an angle which 
is the average of the Lorentz  angles for each charge, and  
choose a magnet ic  field which is low enough so tha t  the 
residual  Lorentz  drift  spreads the charge over a strip 
width  or less. A detector  of 150 ~ m  thickness in a 2.5 T 
field or iented at tan  O L = (/.t e + / * h ) B / 2  will spread the 
charge by 22.7 ~ m  on  either side of the detector,  jus t  
less than one strip width;  thus the impact  on  the dou-  
ble- t rack separat ion will be  small. Larger  magnet ic  fields 
will only exacerbate  the problem. 

3.4. z-measurement 

The op t imum way to measure the z-coordinate  is a 
complicated question.  We  look at the use of stereo 
measurements .  Since each strip detector  is double-sided,  
we orient  the strips on  one side of the detector  at a 
small  angle ( the stereo angle a)  with  respect to the axial 
direction. For  detectors of length 1=  10 cm, a stereo 
angle of a = 5 mrad  yields a " s te reo  d isp lacement"  
s = la  = 500 rxm, as i l lustrated in fig. 18. We assume 
that  each pair  of strips is organized as shown in fig. 19, 
wi th  u stereo strips on  one detector  of a pair  and  v 
stereo strips on  the other  ( a  u = - a v ) .  

500Fm 
t 

loom 

Fig. 18. Stereo displacement of 500 rim over 10 cm for stereo 
strips. 

Axial strips 
on top 

- -  - -  ~ ~ u, small angle stereo 
strips on bottom 

v, small angle stereo 
strips on top 

Axial strips 
on bottom 

Fig. 19. Orientation of strips for a closely spaced pair of 
detectors. 

The  goal for the pa t t e rn  recogni t ion is to measure 
z-coordinates  locally within each pair. Each of the eight 
pairs  making  up the full detector  would then have space 
coordinates  and  tangent  vectors assigned locally to each 
track. These would then have to be  matched  from layer 
to layer, as discussed above. 

Tracks separated by  more  than  the stereo displace- 
men t  s in the axial project ion do not  interfere with each 
other  at  all. A value of s = 500 r tm is p robab ly  small  
enough to guaran tee  tha t  most  stereo hits can be  associ- 
ated by  selecting from a small  n u m b e r  of al ternat ive 
assignments.  

The local ma tch ing  p rob lem in z can come f rom two 
tracks which can be  confused or f rom many  tracks 
causing accidental  matches.  We consider  the former 

case first. 
We  assume we have  two tracks with az imuthal  angu- 

lar coordinates  in the layer pair  of `#:, '#2 and  0~, `#2. 
Then  the two stereo measurements  in each layer would 

be: 

GZ1 t G Z 1  `#~=`#~+ , `#~=`# ' :+  - - ;  
rl rl 

GZ 2 GZ 2 ` # . = ¢ ~ - - - ,  < = ¢ ~ - - -  
r:  r 2 

For  h i g h - m o m e n t u m  tracks, z i = r~ tan X + z 0' where 
z 0 is the vertex posi t ion and  tan X = P J P r .  The  correct 
matches  are then  found  to be  the pairs  tha t  best  satisfy: 

`#: + `#2 =`#~ + `#~, `#; + `#~ = `#'~ + ¢'v, 
where we take z 0 = 0. The  full Om= 5 ~tm precision of 
the device is avai lable to do the matching.  For  exactly 
two correct  hi ts  per  layer the  pair ing is therefore rela- 

tively easy. 
At  the SSC we expect the length of the in teract ion 

region to be  %° -- 5 cm. Assuming  comple te  ignorance  
of the vertex posi t ion in a given event ( taking z o = 0), 
such a spread in vertex posi t ion will produce a mis- 
ma tch  in the angles in the above  match ing  equat ions of 
OzoOtS//r 2. For  the detector  discussed here this error is 
larger than  the  measu remen t  error 2Om/r  for r < 25 cm 
and  will therefore  domina te  the error in z-matching at 
smaller radii. 

III. TRACKING DETECTORS 
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Z m a t c h  Elf 

2 r ~ 

0 ~_  I I ; I I I I 
0 1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  

p~ (CeV/c) 

Zmatch E f f  
12 i i E : 

~ 4 - 4 

! 

0 0 0 10 20 30 40 50 60 70 8 
I %  (CeV/c) 

Fig. 20. Efficiency vs Pr for correctly matching the z-strip s in 
a vector segment found correctly in ,~. (a) a = 5 mrad, (b) 

a = 20 mrad. 

In  general ,  we can  min imize  the  z -ma tch ing  confu -  
s ion  by  tak ing  a very smal l  s tereo angle  a,  t r ad ing  off  
reso lu t ion  in  z. This  does  n o t  s ignif icant ly  deg rade  the  
m o m e n t u m  or  mass  reso lu t ion  for  a so lenoida l  field. In  
addi t ion ,  we only  n e e d  1 m m  reso lu t ion  in z at  the  
ver tex  to separa te  m o s t  mul t ip le  in te rac t ions .  The  very 
g o o d  5 I~m reso lu t ion  of  the  str ips,  giving o~ = 1.4 m m  

for  a = 5 mrad ,  will y ie ld  a r e so lu t ion  in z at  the  ver tex 
of  835 ixm. 

T h e  c o n f u s i o n  f r o m  m a n y  t racks  can  be  quan t i f i ed  
in t e rms  of  the  de t ec t o r  a n d  phys ics  pa ramete r s .  Recal l  
tha t  wi th in  a j e t  the  m e a n  d i s p l a c e m e n t  b e t w e e n  t racks  
at  a rad ius  r is r (O) .  I f  a pa i r  o f  axial s t r ips  has  b e e n  
successful ly  assoc ia ted  wi th in  the  je t ,  all t racks  wi th in  
the  s te reo  d i s p l a c e m e n t  reg ion  s (de f ined  above)  will 
leave s te reo  hi ts  w h i c h  can  con fuse  the  z -match ing .  The  
n u m b e r  of  t racks  en t e r ing  this  reg ion  is N s = s / ( r ( 8 ) ) .  

All  of  these  t racks  will leave s te reo  hi ts  in the  u-plane  
wh ich  cou ld  acc iden ta l ly  assoc ia te  wi th  ano t he r  hit  in 
the  v-p lane  fal l ing wi th in  a reg ion  of  full w i d t h  2o  m, 
wh ich  is the  r e so lu t ion  charac te r iz ing  the  cor rec t  choice.  
T h e  p robab i l i t y  of  the re  be ing  such  a hit  in the  v-plane 
is the re fore  ~ = N S - 20m/S,  and  the  n u m b e r  of  po ten t i a l  
incor rec t  z pa i r ings  is N i . . . .  = N s ~ .  T h u s  we  arr ive at 
the  scal ing rule  for  s te reo  assoc ia t ion  to work  well: 

Ninc z = N2 2Om 20mS • - - - - - - < 1 .  
S (r<O>) 2 

F o r  the  de t ec t o r  c o n s i d e r e d  above,  Ninc. z -~ 0.5 at a 

1.2 

1.0 

.8 

~ .6  
a) 

"~ .4 

.2 

1.0 

.8 

~ . 4  

.2 

1.0 

.8 

c~ . 6  

.2 
o ~2 .4 

.2 

a 

I I I I I I I 

~ ..... i,,iiiiiiii ~ 

NVEC2_4 

I l I I I i, i, 

NVEC_~6 

I I t I I I I 

,i 

NVEC:8 

1.2 

1.0 

.8 
>, 

~.6 
¢0 
o 

.2 

.0 

1.0 

b 
I I I I ; I I 

NVEC_~4 

.8 

o] 

z<.4 

.2 

.0 

1.0 

.8 

2 
o 
K.4 

.2 NVEC=8 

I I I I t t I . 0  I I I I I I I 

.0 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 

P'r (GeV/c) P'r (GeV/e) 
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radius of 20 cm. Thus, at larger radii, it may  be  possible 
to use longer detectors (e.g. bond ing  two or three 10 cm 
long detectors together) in order to minimize the num-  
ber  of electronics channels  required. 

Note  tha t  if we increase s (by increasing the stereo 
angle a or the detector  length l), Nine. z will no t  neces- 
sarily cont inue to increase. Eventual ly  s will exceed the 
size of the je t  ( =  2rSv2  ) and  any fur ther  increase in s 
will leave N i . . . .  unchanged.  Taking 0]/2 = 10 mrad  and  
s = 500 ~tm, we find that  the stereo d isplacement  en- 
compasses  the ent ire  je t  when  r < 2.5 cm. At  smaller  
radii  our scaling rule gives 

4OmrO]/2 2o m 281/2 481/2Om 
Ninc z -- . . . . . .  < 1 .  

(r<e>) 2 (r(8>) <0> r<O> 2 

This is never the case for the detector  conf igurat ion 
proposed here, but  is relevant  for o ther  detector  config- 
ura t ions  such as large drift  chambers .  

Finally, we note  tha t  the added in format ion  abou t  
the dip angle ( tan 2~) of a track produc ing  the vector  
segment  will not  help in vector segment  linking, due to 
the relatively poor  resolut ion in the dip angle as com- 
pared  to the az imuthal  angle measurement .  

3.4.1. z-matching in the Monte Carlo study 
In order to test our  scaling rule for z-matching,  we 

use the same events conta in ing 1 TeV jets  as were used 
in section 3.3 above, where the finite beam length with 
O,o = 5 cm is included. We apply the z -matching  al- 
gor i thm above to vector segments tha t  were found  cor- 
rectly in the axial projection.  The efficiency for making  
the correct z -match  is shown in figs. 20a and  b as a 
funct ion of P r  of the track, for the cases a = 5 and  20 
mrad,  respectively. In the former case the efficiency is 
> 95% for all tracks, falling at  high PT where tracks are 
in the center  of jets. It is clear tha t  the efficiency begins 
to degrade significantly when  the stereo angle is in- 
creased to 20 mrad,  as predicted by  our scaling rule, 
and  we have verified tha t  the effect cont inues  at larger 
stereo angles. 

We can combine  the requirements  of correct  match-  
ing in @ and  in z by  plot t ing the efficiency vs Pr for 
f inding tracks, if we require at  least 4, 6 or 8 vector  
segments correctly found in ~ and z to call the track 
found. This is shown in figs. 21a and  b for the cases 
a = 5 and  20 mrad,  respectively, where in bo th  cases 
8 = 1 cm. We conclude that  choosing 8 = 1 cm, a = 5 
mrad  provides a good match  to the physics demands  at 
1 TeV. 

4. Momentum resolution 

We look at the expected m o m e n t u m  resolut ion for 
the silicon tracker discussed above. We will assume a 

ver tex-const ra ined fit as would be appropr ia te  for the 
h i g h - m o m e n t u m  leptons  f rom the heavy-Higgs decay. 
For  high m o m e n t u m  the orb i t  equat ions  for a circle are: 

Y 
= th 0 + 2ptrac k , z = r tan  ~ + z0, 

where the t rack paramete r s  are: ~0, Ptrack, t an  2~ and  
z 0. Measur ing  the track angles ~ at  m radii  rl,  r2, 

- - . r  m, the values of ~0 and  Ptrack are extracted by  
nummlz lng  

m 
X 2= E ( r iOi -d i )2  

i=1 t~ 2 ' 

where d i is the measured  circumferent ia l  dis tance for 
the i th axial layer. The  expected error  in d i is a i. 

Relat ing Ptrack to PT and  calculat ing the errors f rom 
the X 2 gives a result  

~ m 

0; 0,.. i= i= i=l 

where B is in  Tesla, PT in GeV and  all dis tances are in 
meters. 

Assuming  tha t  the four measurements  in a super- 
layer give an  effective measurement  with  an  error  o, 
and  that  the eight superlayers are approximate ly  equally 
spaced out  to a m a x i m u m  radius rm, gives, after  perfor-  
ming  the sums above:  

°,Dr 5 .5a  

p2 0.3Br 2" 

Taking o = 3 ~m,  after  averaging over the four mea- 
surements  in a superlayer,  and  rm = 0.5 m gives: 

oPT _ 6.5% [TeV_I ] "  
p r  2 0.3B 

Thus,  a field of 4 T would give aer,/P r = 5.5% of P r  
[TeV], while a field of 2.5 T would give oer /P  T = 8.8% 
of PT [TeV]. 
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Fig. 22. Plan of the silicon tracking system, with azimuthal 
symmetry. 
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For  the in termediate-mass  Higgs search, as discussed 
earlier, we wish to reconstruct  Z ° masses using leptons 
with a resolution bet ter  than  the na tura l  width limit 
which implies that  we want  o e ~ / P  r <_ 2% at about  200 
GeV. Thus, a field B >__ 2.5 T would be adequate.  Since 
we want  to minimize the tracking inefficiency and  the 
Lorentz  angle for electron mot ion  in the silicon, 2.5 T is 
p robab ly  an op t imum choice for the field. 

For  such good resolut ion the mult iple-scat ter ing con- 
t r ibut ion to the resolut ion will domina te  up to ra ther  
high momentum.  Assuming 4-5% of a radia t ion  length 
and  a 50 cm pa th  length the mult iple-scat ter ing contr i-  
bu t ion  is approximately  O o r / P T  = 0.8% for B = 2.5 T. 
This  value is comparable  to the value typical of present-  
day central  drift  chamber  systems. 

Fig. 22 shows a possible a r rangement  for the track- 
ing detector  in r vs z, having azimuthal  symmetry.  It 
conta ins  about  40 m 2 of silicon detectors. Going  out  in 
0, this a r rangement  gives: 
(a) t racking with >_ 6 superlayers for 170 o >_ 0 > 

I0°( I Y I -< 2.3);  
(b )  t r a c k i n g  w i t h  8 s u p e r l a y e r s  f o r  160  o >_ 8 >_ 2 0 o (  I Y I 

_< 1.75); 
(c) tracking over a fixed radius of 50 cm for 1540 > 0 > 

2 6 o (  I Y I -< 1.44); 
(d) t racking with axial strips for 143 o > 0 > 37o( I Y I -< 

1.10). 
Assuming O p ~ / P r =  8% of PT [TeV] at 90 o and  

ignoring mult iple scattering, fig. 23 shows o p / P  2 vs 
rapidity, for P in TeV. 

The  use of silicon, combined  with a moderate ly  large 
magnet ic  field, allows very good resolution. It is essen- 
tial, however, to align the silicon to an  accuracy of a few 
~ m  in order to achieve this resolut ion in practice. 
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Fig. 23. Momentum resolution vs rapidity for the silicon track- 
ing system. 

/ 

~" 08 ~- PT (I Y] • 2, Minbias Events) 

> 
06 

g \ 
c5 \ 
< 0.4 \ 

) oe ~ 

S i ~  Large Solenoid ~ 

¢, o.o ~ , , ,  I . . . .  I . . . .  I . . . .  
02 04 06  0.8 1 

PT (CeV/c) 

Fig. 24. Transverse-momentum spectrum for minimum bias 
events. The ranges indicated by arrows are described in the 

text. 

5. Spiraling tracks and photon conversions 

The presence of a large magnet ic  field tends to trap 
particles in the field increasing the occupancy and  radi- 
a t ion damage. In this section we look at this p rob lem as 
a funct ion of the B field, t racker radius and  rapidity 
coverage. 

Fig. 24 shows the m o m e n t u m  spectrum from ISAJET 
for m i n i m u m  bias  events. A track will be t rapped  in the 
field for 2Ptrack N r m. Thus,  for example, t rapping  will 
occur  for P r  < 190 MeV at r m = 50 cm, B = 2.5 T, for a 
compact  solenoid; or P~-_< 600 MeV at r m =  160 cm, 
B = 2.5 T, for a large solenoidal  detector.  A large frac- 
t ion of the tracks in m i n i m u m  bias events occurs in this 
m o m e n t u m  range, so t rapping  can be  important .  The 
ranges for t rapping  are indicated in fig. 24 for the two 
detector  conf igurat ions  with 2.5 T fields. 

To est imate the effect we have calculated the effec- 
tive track length seen in the detector  per  m in imum bias 
event  using the ISAJET M I N B I A S  model  (note tha t  it 
gives -~ 5.1 charged tracks per  uni t  rapidity at SSC 
energies, which may be  a significant underest imate) .  We 
have looked at bo th  a compact  and  a large solenoid [15]. 
The  d imens ions  for each t racking system have been 

taken to be  rinne r = 8 cm, route r = 50 cm and  rinne r = 50 
cm, route r = 160 cm, respectively. Tracks passing through 
a par t  of the detector  only (for 2Ptrack < router, or exiting 
in z in the middle  of a spiral) are counted  as fractions. 
Tracks with 2,Otrac k < r i . . . .  make no  contr ibut ion.  The 
m a x i m u m  n u m b e r  of spirals allowed is 100, based on 
est imates of energy loss and  mult iple  scattering. We 
have repeated the calculation,  with this n u m b e r  reduced 
to 30, to s tudy the effects of this cutoff. The change in 
total  t rack length is 20%, which provides an est imate of 
the uncer ta in ty  in the calculation. The  results are pre- 
sented in tables 2 and  3 as a funct ion of the B field and 
rapidi ty coverage. 
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Table 2 
Average number  of track lengths per min imum bias event for the compact solenoid 
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Y range B field [T] 

0 1.5 2.0 2.5 3.0 3.5 4.0 

] Y] < 1.0 9.6 11.5 12.6 14.0 15.6 17.4 19.8 
r Y I < 1,5 14.8 18.1 20.2 22.9 26.0 29.4 33.5 
I Y I -< 2.0 20.1 25.6 29.5 34.0 39.4 45.2 52.0 
I Y [ < 2.5 25.8 34.6 41.2 48.8 58.1 67.5 78.3 

Table 3 
Average number  of track lengths per min imum bias event for the large solenoid 

Y range B field [T] 

0 1.5 2.0 2.5 3.0 3.5 4,0 

I YI _<1.0 9.6 18.2 19.4 18.3 16.1 13.5 11.3 
] Y ] _< 1.5 14.8 31.4 33.2 31.2 27.7 23.5 19.6 
[ Y p _< 2.0 20.1 48.8 52.5 49.5 44.4 37.8 31.4 
I Y I -< 2,5 25.8 74.1 80.2 76.1 68.4 58.6 48.6 

F r o m  the  tab les  we see tha t  for  b o t h  de t ec t o r s  at  

B = 2.5 T the  o c c u p a n c y  is i n c r e a s e d  by  as  m u c h  as a 

f ac to r  o f  2 o r  more ,  as c o m p a r e d  to B = 0. F o r  the  

c o m p a c t  so l eno id  the  o c c u p a n c y  is no t  a p r o b l e m  be-  

c a u s e  o f  the  la rge  s e g m e n t a t i o n  a n d  exce l l en t  t i me  

reso lu t ion .  Si l icon de t ec to r s  are  ab le  to reso lve  the  h i t s  

f r o m  every  b e a m  c r o s s i n g  separa te ly .  E v e n  at  the  i nne r -  
m o s t  r a d i u s  o f  8 cm,  w i th  a l u m i n o s i t y  o f  10 33, the  

o c c u p a n c y  is - 2 × 10 . 3  in  a two-  hi t  r e so lu t i on  ele- 

m e n t  = 100 ~tm (4 s t r ips )  o f  10 c m  leng th .  T h i s  con-  
t r a s t s  wi th  a n  o c c u p a n c y  of  a b o u t  20%, at  a 50 c m  

rad ius ,  for  a 4 m m  d i a m e t e r  cell in a la rge  so l eno ida l  

Table 4 
Detector parameters and scaling rules 

Physics parameters for 1 TeV jets 50 GeV jets 

Track angular separation (0 )  0.5 mrad 10 mrad 
Jet angular width 01/2 10 mrad 40 mrad 
Track PT in jet core 50 GeV 10 GeV 

Detector Parameters Si tracker Drift chamber  Mark I I / S L C  

Magnetic field B [T} 
Radius of curvature 0 = 3.3 P r / B  [m] 
Radial detector spacing 6 [cm] 
Superlayer thickness 6sL [cm] 
Maximum radius r m [cm] 
Mean radius r [cm] 
Detector length l [cm] 
Double track separation ~m [ In ln ]  
Stereo angle a [mrad] 
Position resolution %1 [~tm] 

z-position resolution o~ = v /2om/a  [mm] 

Scaling-rule requirements 

2.5 2.5 O.5 
66 66 66 

1 1 0.8 
1 4 4 

50 160 150 
29 100 88 
10 > 100 230 

0.1 3 4 
5 50 74 
5 100 100 

1.4 2.8 1.9 

Si tracker Drift chamber  Mark I I / S L C  

Resolve hits: ~ m / r (  O) < 1 
Find vector segments: 6 / ( 2 0 ( 0 ) )  < 1 

Link vector segments: ~/20m/(6sL(0))  < 1 
Match z hits: 2 o M l a / ( r ( 0 ) )  2 < 1, or: 

for la  > 2rOw2: 4Om01/2/(r(0)  2) < 1 

0.7 6.0 
0.15 0.15 

1.4 7.1 
0.24 

16.0 

0.45 
0.006 

0.4 

0.2 

III. T R A C K I N G  DETECTORS 
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detector covering I Y I ~ 1.5, assuming a pileup of only 
4.8 events (3 beam crossings). In the central rapidity 
region I Y I < 1.0, containing the silicon strips nearest to 
the beam in fig. 22, the spiraling tracks would increase 
the occupancy and radiation damage by 40% for a 2.5 T 
B field. The radiation damage issue would argue for the 
smallest magnetic field consistent with the physics goals 
of the detector. 

Finally, we consider the effect of photon conversions 
in the tracking system. This will be a serious problem 
for a detector with a substantial fraction of a radiation 
length of material. The converted electron spectrum is 
very soft since each ,~0 decays into two photons and 
each photon converts into two particles) the ~r ° 
momentum spectrum is taken to be the same as charged 
primaries, fig. 24). We assume that, because the conver- 
sion electrons are so soft, they all spiral in the detector 
for nearly any radius of conversion. There are roughly 
half as many ~r°s as charged particles, giving 2 X  0 con- 
verted electrons per primary charged track, where X 0 is 
the amount of material in the tracking system in radia- 
tion lengths. From tables 2 and 3 we estimate the 
number of track lengths per spiralling track, r = 4 for 
both detector configurations. Also from tables 2 and 3 
we read off the number of track lengths for B = 0, N 0, 
and the number for B = 2.5 T, N2. 5. We then obtain, for 
both the compact  and large solenoid, 

Track length due to conversions 
Track length due to primary charged tracks 

_ 2 X o N o r  

N2.5 

This gives = 4 X  0 for both detector configurations. 
Clearly a value of X 0 ~< 5% is very desirable. Note  that 
the 20% occupancy for the large solenoid detector, with 
X 0 = 8% [15], will increase to 26% due to photon con- 
versions. 

6. Conclusions 

A tracking system capable of reconstruct ing 
charged-particle tracks in 1 TeV jets at the LHC or SSC 
will be a powerful tool for identifying decays of the 
Higgs boson, in low-multiplicity modes containing lep- 
tons, in modes containing b jets and in high-multiplicity 
hadronic modes. Very precise momentum measure- 
ments will aid in identifying Z ° ~ 1+1 - decays. Impact  
parameter measurements will allow tagging of b jets. 
Multiplicity cuts can be used to identify W ~ qC t decays 
despite a very large QCD background. 

We have specified the requirements for such a track- 
ing system, emphasizing the tradeoffs in achieving opti- 
mal pattern recognition. We have proposed a design, 
using silicon microstrips, which can meet the design 

requirements. The outer radius of this detector is 50 cm 
and the magnetic field needed is 2.5 T. 

Using simple scaling rules relating the physics and 
detector parameters, we can evaluate the ability of such 
a system to perform efficient pattern recognition in the 
core of 1 TeV jets. These parameters and scaling rules 
are summarized in table 4. In that table we also sum- 
marize typical design parameters for SSC drift chamber 
tracking systems [15], and for the Mark II upgrade 
central drift chamber [16] at the SLC. Numerous  Monte  
Carlo simulations [17] have verified that the Mark II 
drift chamber is well suited to the track densities ex- 
pected at the SLC, but  its performance begins to de- 
grade when some detector parameters (most notably 
end) are made less favorable. From the table it is clear 
that the proposed silicon tracker system is quite capable 
of reconstructing tracks in 1 TeV jets, while typical SSC 
drift chamber designs will have serious problems due to 
the relatively poor position resolution (most especially 
in resolving closely spaced hits and performing axial 
and stereo vector segment linking). 

Monte Carlo studies of the silicon tracker pattern 
recognition efficiency confirm that efficient track re- 
construction is possible even in the core of 1 TeV jets. 
The expected momentum resolution for such a tracking 
system is sufficient to reconstruct Z ° masses in ~t+~t - 
final states with a resolution better than the natural 
width for parent  Higgs masses up to - 1 TeV. 

Lastly, we point out that spiraling tracks from 
primary charged particles and photon conversions, 
which can produce a significant occupancy in large drift 
chamber / so l eno id  detectors, are of no concern for a 
compact  silicon tracking system. 
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